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ABSTRACT 

A thermodynamic analysis of the Fe-Cr-B ternary 
system was carried out to clarify the complex phase 
equilibria between several types of borides and solution 
phases. To satisfy the lack of experimental information 
on thermodynamic properties for this ternary system, a 
first-principles method was applied to evaluate the 
enthalpies of formation of binary Cr-boride phases. The 
calculated enthalpy of formation of CrB2 agreed well 
with the experimental value. However, the first-
principles calculations suggested that the CrB phase is 
more stable in the ground state than previously thought. 
Variations of the formation enthalpies of Fe2B (IA/mcm) 
and CrB (Cmcm) with dissolving Cr and Fe were also 
evaluated for superstructures constructed by modifying 
the stack of atoms along a given direction of the parent 
lattice structures. The thermodynamic parameters of the 
Fe-Cr-B ternary system were optimized with the 
CALPHAD technique using these calculated 
thermodynamic properties along with available 
experimental information on phase equilibria and some 
thermodynamic data. We found that the evaluated 
parameters reasonably reproduced the experimental data 
on the isothermal sections, the pseudo-binary section, 
and the liquidus projection in the Fe-rich region. 

Keywords: Phase diagram, thermodynamic analysis, 
CALPHAD, first-principles calculations, borides. 

1. INTRODUCTION 

It is well known that addition of small amounts of 
boron (B) to steels enhances mechanical properties such 
as microhardness or tensile strength. This is partly due 
to segregation of Β at grain boundaries. For instance, 
segregated Β at the austenite grain boundaries is thought 
to improve the hardenability of steels through control of 
the ferritic transformation. Boron also acts to form B-
containing precipitates, such as (Fe.Cr^B.Qe, which 
increase the creep rapture life of stainless steels at high 
temperatures. On the other hand, Β plays an essential 
role in producing Fe-based bulk amorphous alloys with 
a wider supercooled liquid region and desirable soft 
magnetic properties. Despite these important roles in 
industrial materials, the behavior of Β in ferrous alloys, 
in particular its role in phase equilibria in stainless 
steels, is still unclear. This is partly to be attributed to 
the experimental difficulty of characterizing an element 
with a rather low atomic number. 

The Fe-Cr-B ternary phase diagram is composed of 
several boride phases, namely Fe2B, FeB, Cr2B, Cr5B3, 
CrB, Cr3B4, CrB2, and CrB4, and these borides 
complicate the phase equilibria in this ternary system. 
Isothermal section diagrams, as well as pseudobinary 
FeB-CrB sections, were experimentally studied for the 
system; however, thermodynamic analysis is required 
for understanding the role of Β in steels. The purpose of 
the present study was to clarify the phase equilibria of 
the Fe-Cr-B ternary system over the entire composition 
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and temperature ranges, by evaluating the 
thermodynamic properties of various borides using a 
first-principles energetic calculation method and 
estimating the unknown phase equilibria using these 
theoretical values, as well as any available experimental 
information. 

2. COMPUTATIONAL PROCEDURE 

2.1 Evaluation of enthalpy of formation for 
borides at zero temperature using first-
principles calculations 

The enthalpy of formation of the boride phases was 
calculated using the full potential linearized augmented 
plane wave (FLAPW) method. The FLAPW method, as 
embodied in the WIEN2k software package III, is one 
of the most accurate schemes for electronic calculations 
and allows precise calculations of the total energies in 
solids. Therefore, this method is most appropriate for 
evaluation of a relative thermodynamic property such as 
the formation enthalpy. The exchange-correlation 
functional was described by the generalized gradient 
approximation (GGA) of the Perdew-Burke-Ernzerhof 
96 form 121. The plane-wave cutoff energy was set at 
270 eV throughout the calculation. 

where °Gf denotes the molar Gibbs energy of element i 

in the φ state. This quantity is called "the lattice stability 
parameter" and is described by the following formula: 

°Gf - °Hf =A + BT + CT\nT+DT2 + ET3 

+FT7 +ΓΓ'1 +JT~9, (2) 

where °H-ei denotes the molar enthalpy of the pure 

element i in its stable state at Γ = 298 Κ. The parameter 

ή . denotes the interaction energy between i and j in the 

φ phase and has a compositional dependency following 
the Redlich-Kister polynomial as: 

2.2 Thermodynamic modeling of the solution 
phases 

A description of the Gibbs energy for each phase 
appearing in the Fe-Cr-B ternary system is presented in 
this section. 

2.2.1 Liquid (L), bcc (a and δ), and fee (γ) solution 
phases 

The regular solution approximation was applied to 
the liquid phase, as well as the α, δ and γ solid 
solutions. Solid solutions of Β in both bcc and fee Fe are 
known to exhibit both substitutional and interstitial 
characters, as shown by several thermodynamic studies. 
Recently our group found that at least in the ground 
state, the solid solution model in which Β atoms 
substitute for Fe atoms was more probable than the one 
in which dissolved Β atoms occupied octahedral 
interstitial sites /3/. Based on this knowledge, we 
applied the regular solution approximation to the solid 
solutions as well as to the liquid phase in the Fe-Cr-B 
system. 

The molar Gibbs energy, G^ , was described as: 

0 ) 

+ . { χ . - χ . ) + * Ι * . { χ . - χ . γ , (3) 

where the temperature dependency was introduced as 

"4, = a + bΤ . ' j 

The term I^crTe ' s ^ e ternary interaction 

parameter between the elements B, Cr, and Fe. The 
dependence of the interaction parameters on 
composition is expressed as follows: 

^B,Cr,Fe = ^B -^S.CrJe + XCT Cr,Fe + XFe ^B,Cr,Fe W 

G i = x B
0 G * + x C l °G*a +* F e °Gpe 

+RT(XQ In xB + xCr lnxQ + xFe In x F e ) 

+XBXCT^L,CT + + XCiXVe^CT,¥e + XBXCr*Fe-^B,Cr,Fe > 
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2.2.2 The FeB, Fe2B, CrB, Cr2B, and Cr5B3 phases 
The binary compounds FeB, Fe2B, CrB, Cr2B, and 

Cr5B3 dissolve the third element to some extent. 
Therefore, the two-sublattice model denoted by 

Β P)_] w a s applied to these Juj \ yB ~ lu2 

phases, where u; and u2 are the numbers of the sites of 
the sublattices in parentheses. The Gibbs energy per 
mole of formula unit of these phases is given by: 

Gl = yff °g£t:B 'o(e:B +uxrt^ inya 
• (5) 

The quantity is the site fraction of element i in 

the respective sublattice, which is designated by (j). The 

value of °G?B denotes the Gibbs energy of the 

compound, iU] B U j . The parameter lfCl F e B is the 

interaction parameter between unlike atoms on the first 
sublattice. 

2.2.3. The σ phase 
The Gibbs energy of the σ phase with some 

homogeneity range was described by the three-
sublattice model, in which 30 atomic sites of the unit 
cell were divided into three sublattices, 

ί C r « ) F e m l . The Gibbs 
4 V >Ct 'Fe 

energy of this phase was described by the following 
equation: 

f j a _ v(3) γ;σ , v w Ofjo , m ~ >fcr Fe:Cr:Cr + ^Fe aFe:Cr:Fe + ,(3) 

11 
30 

RT(y$ \nyg+yg bjfc') (6) 

equation, adopting the stable structure of the elements 
as the thermodynamic standard state: 

G § B " -m°GcT
C~CT - η 0Gghombohedral"B = 

a + bT+cT\nT + dT2 (7) 

2.2.5 Contribution of magnetic transitions to the Gibbs 
energy 

The contribution caused by any magnetic ordering to 
the Gibbs free energy was added to the nonmagnetic 
part of the free energy, as follows: 

ηΦ = rJ + η φ 
" u m ^ ^mag • (8) 

The magnetic Gibbs energy, G * ^ , is given by the 

following expression /4,5/: 

Gki%=RTf{T)\n{ß+\), 

where 

(9) 

, , , , 1 \ ΐ 9 τ - χ 474 / ( τ ) = 1 \ + 
A 1140/; 497 

for τ < 1, 

9 15 N 

ΞΙ Σ— τ 

v T + 135 + 6ÖÖy 

(10) 

and 

/ W — 7 A 

for τ S1, 

and 

r-5 _-15 .-25 λ 
ι τ τ 

VTÖ~ "Ii i" 1500 j 

(11), 

The interaction parameters having null values after 
the optimization process were excluded from the above 
description. 

2.2.4 The stoichiometric compounds 
The Cr-B binary compound phases with a zero 

homogeneity range (i.e., Cr3B4t CrB2, CrB4) were treated 
as being stoichiometric compounds. The Gibbs energy 
of the CrmB„ phase was expressed using the following 

, 518 11692 1 , , 
A = + ( 1). 

1125 15975 ρ 
(12) 

The variable r is defined as Τ / Tc, where Tc is the 
Curie temperature, and β is the mean atomic moment 
expressed in Bohr magnetons, μΒ. The parameter ρ 
depends on the crystal structure, and its value is 0.4 and 
0.28 for the bcc and fee phases, respectively. 
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3. THERMODYNAMIC ANALYSIS AND 
CALCULATION OF PHASE DIAGRAMS 

A brief outline of the thermodynamic analysis and 
the calculated results is presented in this section. Most 

Thermodynamic Analysis of the Fe-Cr-B Ternary System 

of the descriptions of the lattice stability parameters for 
each pure element were obtained from the Scientific 
Group Thermodata Europe (SGTE) data set 161 and are 
shown in Table 1. 

Table 1 
Lattice stability parameters for Fe, Cr and Β. 

Temperature 
Element Phase Lattice stability parameters (J/mol) Reference 

range (K) 
= +40723 .275 + 86.843839 Τ - 15.66417Ίη Τ 298.15 < Γ< 

-0.006864515 Τ1 + 6.18878 χ ΙΟ"77° +370843 7"' 500 
, βαΛ ' = +41*119 "703 + 82 Ϊ01*722 Τ -Ϊ4* .9827763 Γ in Γ 500 < Τ < Τ °(-iL _ » ι τ (ρο ) 

^ Β Β -0.007095669 Γ2 + 5.07347 χ 10''Τ3 + 335484 7"' 2348 

2348 < Τ < 
= +28842 .012 + 200.94731 Τ - 31 AT 1η Τ 

6000 
= +35778.716 +94.894864 7" -15.66417'1η7' 298.15 < Τ< 

-0.006864515 Τ1 + 6.18878 χ 10"'Γ3 + 370843Γ"1 h q o 

α 
α ο (βΒ) = +26864.526 +172.584744 Τ - 26.6047Γΐη Γ 1100 < Γ < 

G B ~ Η Β - 7.9809 χ 10-47'2 -2.556 χ 10-'7·3 +1748270 Γ"1 2348 
~ = +6846.4Ϊ8 + *2Ϊ9 .Ϊ19244 7" - 3"ί .5957527 Τ ϊη Τ 2348 < Γ < 

-0.00159488 Τ1 +1.34719 χ 10"'7°+ 11205883 Γ'1 3000 
= -7735.284 +107.11864 Τ -15.6641 Tin Τ 298.15 < Γ < 

-0.006864515 Γ2 + 6.18878 χ 10"'Γ3 +370843 Γ"' ΠΟ0 
Β " = -i6649"474 + ϊ84.80i744 Τ - 26.6047 Τ~\η~Τ 1100 < Γ < ^ 

/ or»\ - 7.9809 χ 10-4Γ2 - 2.556 χ ΙΟ-'Γ3 +1748270 Γ"1 2348 'ri(po) _ οττ(βΒ) fA:?. 
y p c , η Β =-36667.582+ 231.336244Γ-31.5957527 ΓΐηΓ 2348 < Γ < 

- 0.00159488 Τ1 +1.34719 χ 10"7Γ3 +11205883 Γ"1 3000 

3000 < Τ < 
= -21530.653 + 222.396264 Τ - 31 AT 1η Τ 

6000 
= +35778 .716 + 94.894864 Γ -15.66417Ίη7" 298.15 < Γ < 

-0.006864515 Τ1 +6.18878 χ 10"7Γ3 +370843 7"1 π ο ο 
* = +26864*526 +* ΐ 72.5 84744 F-26*60*47 Τ Inf 1100 < Τ < 

. r r _ ο ττ(βΒ) 10-7^-2 .556 χ 10-7^ +1748270 Γ;; 2348 
Β Β " = +6846*4*1*8"+"2Ϊ9.119244 7 - 3ί.5957527 T in Τ 2348 < Τ< 

- 0.00159488 Γ2 +1.34719 χ ΙΟ'7Γ3 +11205883 Γ"1 3000 

3000 < Τ< 
= +21983.347 + 210.179264 Τ-31.47ΊηΓ 

6000 
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2qo 15 < 7* < 
°GCr-°GCr = +24339.955 -11.420225 Τ + 2.37615 xlO'21 T1 

_ r 2 1 8 0 

°Gcr~°Hcr = - 1 6 4 5 9 . 9 8 4 + 335.616316 Γ - 50 Γ In Τ 2 m < T < 
Lr Cr 6000 

= -8856.94 +157.48Γ - 26.908Γ In Γ 298.15 <7·< 

β a -0.0189435 T2-1.47721 χ 10"'Γ3 +139250 7"1 2180 
Cr " C r 2180 < 7* < Μ a = -34869.344 + 344.18Γ- 50Γ In Τ - 2.88526 χ 10" Γ' 

6000 

r c i - -311.5 , β τ - _0.008 298.15 < Γ < 
* μ ° 6000 

=.+.7284..+.°:ί6.3Γ 298.15 < Γ < 
r Tel, =-U09 , ßr

a = - 2 4 6 6000 

298.15 < Γ< 
= +12040.17-6.55843 Γ-3.67516 χ10":,Γ7 

τ v L . JA! 1 L Ue, - Π ι , F e F e 1811 < Τ < 
= -10838.83 + 291.302Γ - 46Γ 1η Τ 

6000 
= +1225.7 + 124.134Γ-23.5143Γ 1ηΓ 298.15 < Τ< 

-0.00439752 Τ1 -5.8927 χ 10"'Γ] + 773597"' Jg]] 
"Gpe - ° H k ^ ="-25383 .58ί + 299.31255 Γ - 46Γ ϊη 1811 < r < 

α +2.29603 χΙΟ 3 'Γ ' 9 6000 
Fe [6] 

ιλ/ΙΊ 298.15 <Τ< Tcr = 1043 ,β: =2.22 
^ 2 6000 

, , 298.15 <Τ< 
= -1462.4 + 8.2827" — 1.157" 1η Τ + 6.4 χ 10 7" 

*/~Ύ 0 υ α 1811 
(-'ρ- - "ν-

,„ , 1811 <Τ< 
γ =-1713.815 + 0.940017·+ 4.9251 χ 103ΟΓ-' ,Λ Λ„ 
' 6000 

• • • ^ Γ ™ 298" l5<r"<" 
Ρ" 6000 
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Table 2 
The calculated thermodynamic parameters of the borides. 

System Phase Space group 
Composition, 

(mol%B) 
Enthalpy of formation, (kJ/mol) 

First principles Experimental assessed 
Cr2B Fddd 33.333 -38.5 _ -30.8Γ231 
Cr3B3 IA/mcm 37.5 -39.7 — -34.2Γ231 
CrB Cm cm 50 -56.5 — -37.8[231 

Cr-B Cr3B4 Immm 57.143 -46.7 - -42.9[23] 

CrB2 P6/mmm 66.667 -33.3 
-31.3 t o -
39.7[19] 

—39.7[23] 

CrB4 Immm 80 -23.6 — — 

-35.6 ± 
6.3[31], 

FeB Cmcm 50 -35.1 —46.5[32], -

(Fe,Cr)B 
-32.3 ± 
2.2[33] 

Fe3CrB4 Cm cm 50 -33.4 — — 

FeCrB2 P2\/m 50 -42.6 — 

CrB Cmcm 50 -53.2 — 

Fe-Cr-B -22.3 ± 
7.0[31], 

Fe2B IA/mcm 33.333 -30.6 -33.8[32], 
-22.6 ± 

— 

(Fe,Cr)2B 
2.7[33] 

(Fe,Cr)2B 
Fe7CrB4 Amm2 33.333 -23.2 — — 

Fei0Cr2B6 C2/m 33.333 -24.2 — _ 
Fe6Cr2B4 Cmcm 33.333 -27.5 — — 

Fe2Cr2B2 Imal 33.333 -34.1 — — 

Cr2B IA/mcm 33.333 -38.3 - — 
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Table 3 
Optimized thermodynamic parameters of the binary and ternary systems. 

System Phase Thermodynamic parameters (J/mol) Reference 
0zB,Cr =-175000+40.5Γ 

L ^ = - 1 7 0 0 0 

2 4 C r =12000 

a ° i g C r = - 3 4 5 0 0 

Fe2B °Ggg - 0 . 6 6 7 - 0 1 . 3 3 3 = -32000 + 7.67" 

Cr2B °GCrB ~ ° · 6 6 7 °GCr " ° · 3 3 3 = "37550 + 2.53Γ + 0. IT to Τ + 6 χ 10"4 Τ2 

Cr5B3 ° σ § Β 3 - 0 . 6 2 5 ° G g r - 0 . 3 7 5 = - 4 1 9 5 0 + 0 . 6 5 7 - + 0.5Γ 1ηΓ + 5Χ10"4Γ2 

Cr-B CrB ° G g ! - 0.5 °Ggr - 0.5 ° G ^ B ) = -55000 + 7.8Γ + 0. IT to Τ + 2 χ 10 - 4 Τ2 Present work 

FeB °GCrl — 0.5 "Gqt -0.5°G(
B

m =-28000+0.63Γ 

Cr3B4 °GS-B4 - 0 .4286°Gg r -0 .5714°G^ B ) =-51000 + 2.6Γ + 0.5Γ1ηΓ + 3χ10 _ 4 Γ 2 

° σ ο ·Β - 0 - 3 3 3 ° G g r - 0 . 6 6 7 o G ^ ) =-36660 + 0.26Γ + 0.047'1η7' + 3 χ 1 0 - 4 7 2 

CrB2 

°gV?B - 0.667 ° G ^ B ) =49554 
CrB2 

°GCrB2 " 0 3 3 3 °GCr = 50000 

CrB4 ° G c S 4 - O·2 °GCr - 0 8 °GBB) = -22620 + 0.2077- + 0.108Γ to Τ 

L 0iCr,Fe ="14550 + 6.657-

°L" r F e =+20500-9.687-

a °rcCr,Fe = +1650 , ! 7c£ r F e = +550 

Fe-Cr 
^ C r ; F c = - ° · 8 5 

Fe-Cr 
°LCrFe = +10833-7.4777" 

r 
1 4 r j e = 1 4 1 0 

°GFe:Cr:Cr ~0.27°G£ -0.73 "Gg. =+3076-3.19Γ 
σ 

°Gfe:Cr.Fe -0.27°Gpe -0.13°Gq -0 .6°G£ =3910-3.19Γ 

Fe-B 
L ° 4 ) F e = -140000+ 24.54Γ [3] 

^ = 5 0 2 0 
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2 = 34444 

Ο τα Z^F e = - 7 9 0 0 0 + 30Γ 

°Z^ F e = -37000 

0£B,Fe = - ^ 8 0 0 0 + 24Γ 

-23000 

°GFe:BB " 0 · 6 6 7 ° G F e -0 .333 "G^®* = -28980+2.477-

7c£?BB = 1 0 1 8 , ^ = 1 . 9 1 

Cr2B °Gper?g -0.667°Gp e - 0 . 3 3 3 ° G ^ B ) = -30000 + 3.27 

Cr5B3 °Gperf|3 - 0.625 °G£ - 0.375 ° G ^ B ) = 28000 Present work 

CrB ° σ £ Γ | - 0.5 °G®e - 0.5 ° G ^ B ) = -34200 + 22Τ 

°GFeB -°-5°GK " 0 . 5 ° G ^ B ) = - 3 6 7 0 9 + 3.257' 
FeB - Γ31 

T 4 i l = 600 , β * * =1.03 

% , C r , F e = - 7 0 0 0 0 

L 1 4 c r , F e = - 3 0 0 0 0 

24,Cr,Fe = 1 2 0 0 0 0 

0 ^ c S e : B = - 1 2 0 0 ° - 6 - 5 r 

(Fe,Cr)2B = - 6 2 0 0 0 + 4 3 Γ 

*lg?Pe .B = 20000 - 1 8 Γ 

° z g g ; B = -42000 + 127 

(Fe,Cr)2B = -94000 + 757 
Fe-Cr-B -------- Present work 

2 4 r J e : B = - 4 6 5 0 0 + 9.157 

0zCr5FeB = " 9 7 0 0 0 + 20Τ 
Cr5B3 , - ; • : 

'^rJe-B = - 3 0 0 0 0 

°ZgB F e : B = 1 2 0 0 0 - 3 9 7 

(Fe,Cr)B = "29000 + 2 3 7 

2 4 $ e : B = 2 5 0 0 0 - 5 Τ 

°4erBFe:B = - 4 0 0 0 0 + 77-
(Fe,Cr)B , _ _ 

4rFe :B = 5 0 0 0 - 1 8 7 
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3.1 The Fe-B binary system 

The equilibrium phase diagram of the Fe-B binary 
system is composed of the liquid phase (L), the terminal 
solutions of Fe (α, γ, and δ) and Β (βΒ), and two 
intermetallic compounds, Fe2B (IA/mcm) and FeB 
(Pbmn). For this system, we adopted thermodynamic 
parameters determined by our group /3/, applying the 
substitutional regular solution model to the solid 
solutions. The thermodynamic parameters are listed in 
Table 3, and the calculated Fe-B binary phase diagram 
is shown in Fig. 1. 

2400 

2200 

•1800 

1600 

1400 

1200 

1000 

A Fe 

L 

/ (βΒ)—• 

V 

Fe
B

 ®J — Υ «τ h Fe
B

 

->—α 

Fe
B

 

20 40 60 80 
Boron Content (mol%) 

Β 

Fig. 1: The calculated Fe-B binary phase diagram. 

3.2 The Cr-B binary system 

The equilibrium phase diagram of the Cr-B binary 
system reviewed by Liao and Spear 111 contains the 
liquid (L) phase, the terminal solutions of bcc Cr (α) 
and rhombohedral Β (βΒ), and six intermetallic 
compounds: Cr2B (Fddd), Cr5B3 (74/mem), CrB 
(Cmcm), Cr3B4 (Immm), CrB2 (P6/mmm), and CrB4 

{Immm). Their assessed phase diagram for the Cr-B 
system was based on experimental data /8-11/. 
According to the phase diagram, the solubility of Β in α 
is less than 1.0 mol% Β at 1903 K, whereas the 
maximum solubility of Cr in (βΒ) is approximately 2 
mol%, which is consistent with the experimental results 
/8,12/. The liquidus and solidus lines were determined 

by Portnoi et al. /8/ using thermal analysis and X-ray 
diffraction across the range of Cr-B alloys; however, 
the liquidus temperatures and compositions still remain 
uncertain. 

The solidification in the Cr-rich region occurs by the 
eutectic reaction as L « α + Cr2B at 1902 K. The 
peritectic reactions as L + Cr5B3 * Cr2B and L + CrB · 
Cr5B3 occur at 2143 Κ and 2173 K, respectively. The 
congruent melting temperatures of CrB and CrB2 are 
reported as 2373 Κ and 2473 K. The Cr3B4 phase forms 
from the melt by a peritectic reaction with CrB2 at 2343 
K, and the eutectic reaction L © CrB + Cr3B4 takes place 
at the slightly lower temperature of 2323 K. The B-rich 
liquid phase solidifies following the eutectic reaction at 
2103 K. The CrB4 phase forms by the peritectoid 
reaction between the CrB2 and (βΒ) at 1773 K. The 
existence of several other reported phases, such as CrB6 

/13,14/, Cr4B /14/, β /15/, and MoB-type CrB /16/, are 
ruled out or still controversial and are not included in 
the assessed diagram 111. 

The experimental thermodynamic data for the Cr-B 
system are very limited. The enthalpy of formation of 
CrB2 varies, ranging from -31.3 to -39.7 kJ/mol of 
CrB2 /17-19/. The heat capacity values for borides have 
been measured in several studies. The high-temperature 
heat capacities of CrB and CrB2 were measured 
experimentally by Krestovnikov and Vendrikh /20/ and 
Mezaki et al. /21/. Hack and Chart 1221 estimated the 
heat capacities for the borides from these experimental 
values, considering the trends shown by values for Co, 
Fe, Mo, Ti, and W borides. 

Thermodynamic assessment of the Cr-B binary 
system was carried out by Campbell and Kattner /23/, 
treating Β as an interstitial element in the fee and bcc 
solid solution phases. Hack and Chart 1221 also 
calculated the Cr-B phase diagram. The atomic 
diameter of Β is 1.8 A, which is too small to occupy a 
substitutional position in Fe and too large to locate in 
the octahedral interstitial sites in ferrite or austenite. We 
analyzed the behavior of Β in solid solutions in the Fe-
B binary system using a first-principles method /3/. The 
results revealed that, at least in the ground state, Β 
atoms substitute for the Fe atoms in the solid solutions. 
Furthermore, presumably because of inadequacy of the 
formation energies of borides, the thermodynamic 
parameters of this binary system were found by 
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Campbell and Kattner /23/ to cause instability of the 
CrB phase at temperatures below 1273 K, making the 
reproduction of an experimental phase boundary of the 
Fe-Cr-B ternary system more difficult. Thus, the 
thermodynamic analysis of this binary system was 
performed based on the above-mentioned experimental 
information on the phase boundaries and invariant 
reactions, as well as the calculated enthalpy of 
formation for the three types of Cr borides, using first-
principles calculations. Information on the 
crystallographic data was obtained from the compilation 
by Villars /24/. The evaluated heat capacities of borides 
/22/ were also considered to estimate the temperature 
dependence of the formation energy for these compound 
phases. 

The enthalpies of formation of the Cr-borides are 
compared with experimental work and the previous 
assessment /23/ in Table 2. The listed values denote the 
enthalpy of formation based on bcc Cr, and 
rhombohedral aB with the M?12-type structure. The 
calculated enthalpy of formation of CrB2 has been 
determined to be -33.3 kJ/mol, which agrees well with 
the experimental value measured by Topor and Kleppa 
/19/. However, the value for the enthalpy of formation 
of the CrB phase (-37.8 kJ/mol) by the previous 
assessment ill! was found to be too small to be stable at 
lower temperature. 

The optimized thermodynamic parameters are listed 
in Table 3. The calculated values for the heat capacity 
of the Cr2B and Cr5B3 phases were compared with the 
evaluated values 1221 in Fig. 2 (a) and (b), respectively. 
Figure 3 shows a comparison of the calculated and 
invariant reactions data of the Cr-B binary phase 
diagram. It can be seen from these figures that the 
evaluated parameters show a good agreement with the 
corresponding experimental data on the phase 
boundaries. 

(b) 

Fig. 2: (a) Heat capacity versus temperature diagram 
for Cr2B. (b) Heat capacity versus temperature 
diagram for Cr$B3. 

278 



Yamada et al. High Temperature Materials and Processes 

o:Portnoi «α/.** 

Cr3B3-

20 

η s 

I 
40 

r~ 
60 

(ßB)— 

80 Β 
Boron Content (mol%) 

Fig. 3: The calculated Cr-B binary phase diagram 
compared with the experimental phase 
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Fig. 4: The calculated Fe-Cr binary phase diagram. 

The equilibrium phases in the Fe-Cr binary system 
are the liquid (L) phase, the bcc continuous solid 
solution ( a and δ), the terminal fee solid solution (γ), 
and the intermediate σ phase, which is formed at 1093 
Κ and decomposes by eutectoid reaction with the 
separated bcc solutions below 813 Κ /25/. The 
thermodynamic calculation was performed many times 
based on the different thermodynamic models, and we 

accepted the parameters of Andersson and Sundman 
/26/, considering the consistency of the thermodynamic 
models with the present work. The calculated Fe-Cr 
binary phase diagram is shown in Fig. 4. 

3.4 The Fe-Cr-B ternary system 

The isothermal section of the ternary system is 
composed of the Fe2B, FeB, Cr2B, Cr5B3, CrB, Cr3B4, 
CrB2, and CrB4 phases in addition to liquid and terminal 
solid solutions, and no ternary compound has been 
reported. As mentioned in the previous section, some 
indeterminate binary borides, such as CrB6 or Cr4B, 
which appear in an experimental phase diagram /14/, 
were excluded from the present assessment. 

Concerning the Fe-Cr-B ternary system, there is 
some experimental information on phase equilibria 
determined at 973 and 1173 Κ /13/ and at 1373 Κ /14/ 
across the entire ternary system. The isothermal sections 
of the Fe-Cr-B ternary system with a Β content up to 
50 mol% were also studied at the temperatures of 1373 
Κ1211 and 1523 Κ /15/, using metallographic and X-ray 
diffraction methods. Compared with other experimental 
data, the isothermal section diagram at 1373 Κ given by 
Gorbunov and Boduryan /14/ shows that the α phase 
equilibrium with the Fe2B phase and the Cr2B phase 
extends considerably toward the Cr-rich side. Thus, 
concerning the phase equilibria at 1373 K, the reported 
values by Gianoglio 1211 could be more reliable. Shirae 
et al. /16/ investigated the phase diagram of the pseudo-
binary FeB-CrB section in the temperature range from 
1173 to 2473 Κ using the high-temperature X-ray 
diffractometer and vibrating sample magnetometer. 

Among the binary borides, the solubilities of Fe in 
Cr3B4, CrB2, and CrB4 are very small and negligible. 
However, about 24 and 50 mol% of Fe atoms in the 
Fe2B and FeB phases, respectively, could be substituted 
with Cr atoms /13,27/. Gianoglio et al. 1211 also 
examined the phase relationship of coexistence between 
the Cr borides and concluded that the solubilities of Fe 
in the Cr2B, Cr5B3 and CrB phases possibly reach up to 
65, 12 and 30 mol%, respectively. 

There is no experimental information available on 
the thermodynamic properties of this ternary system, 
and we attempted to evaluate variations of the formation 
enthalpies for the Fe2B {IA/mem) and CrB (Cmcm) with 
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dissolving Cr and Fe, respectively, using first-principles 
calculations. Superstructures for computing the 
formation energies were constructed by changing the 
stack of atoms along a given direction of the parent 
lattice structures /3,28,29/. The calculated results are 
summarized in Table 2 with the space group of the 
constructed superstructures. 

Thermodynamic analysis of the present study was 
performed using the experimental isothermal section 
diagrams at 973 K, 1173 Κ 713/ and 1373 Κ 1211, the 
phase boundaries of the pseudobinary FeB-CrB section 
/16/, and the enthalpies of formation along the lines of 
Fe2B-Cr2B (IA/mcm) and FeB-CrB (Cmcm) sections 
determined using the first-principles calculations. The 
experimental basal projection of liquidus surfaces /30/ 
was also taken into account to estimate the ternary 
interaction parameters affected in the Fe-rich melt. The 
optimized thermodynamic parameters are summarized 
in Table 3. The calculated enthalpies of formation of the 
FeB-CrB and Fe2B-Cr2B pseudobinary sections were 
shown in Fig. 5 (a) and (b), where the solid lines 
represent the results obtained by the thermodynamic 
analysis. In the ground state, these borides show phase 
separation. The calculated isothermal sections at 973 K, 
1173 K, and 1373 Κ are shown in Fig. 6 (a}-(c), in 
comparison with the experimental results /13,27/. In 
general, the calculated phase boundaries correspond 
well with the experimental fields, although locations of 
some narrow three-phase fields such as γ + Fe2B + Cr2B 
at 1373 Κ show slight deviation from the experimental 
data. In Figure 7, the calculated phase diagram of the 
pseudobinary FeB-CrB system is compared with the 
experimental phase fields /16/. The agreement seems 
fairly good, except for the lower temperature range 
below around 1273 K. However, Shirae et al. /16/ noted 
that a two-phase mixture of (FeB + CrB) below 1393 Κ 
changed irreversibly to a single phase with the CrB 
phase, and it was not obvious whether two-phase 
mixing at a temperature below 1393 Κ is an equilibrium 
state. Thus, it might that further discussion of this point 
would be irrelevant. The calculated whole range of 
liquidus projection of this ternary system presented in 
Fig. 8 (a) can be compared with the experimental phase 

4 diagram /30/ in Fig. 8 (b). 

(a) 

(b) 

Fig. 5: The calculated enthalpy of formation for (a) 
FeB-CrB, and (b) Fe2B-Cr2B pseudobinary 
sections in the Fe-Cr-B ternary system. 
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4. CONCLUSIONS 

A thermodynamic analysis of the Fe-Cr-B ternary 
system was performed, applying the substitutional-type 
regular solution model to the solid solutions. For the 
Fe-B and Fe-Cr binary systems, thermodynamic 
parameters evaluated by the previous analysis were used 
in the present study, and the following results were 
obtained. 

1. The thermodynamic analysis of the Cr-B binary 
system was carried out based on experimental 
information concerning phase boundaries and heat 
capacity data, as well as the calculated enthalpies of 
formation for the Cr2B, CrjB3, CrB, Cr3B4, CrB2, 
and CrB4 phases, using first-principles calculations. 
The calculated enthalpy of formation of CrB2 agrees 
well with the experimental value. However, first-
principles calculations revealed that the previous 
thermodynamic assessment for the absolute value of 
the enthalpy of formation of the CrB phase was too 
small to be stable at low temperature. The evaluated 
parameters show a good agreement with the 
corresponding invariant reactions data of the Cr-B 
binary phase diagram. 

2. Because of a lack of experimental information on 
the thermodynamic properties of the ternary system, 
variations of the formation enthalpies for the Fe2B 
(IA/mcm) and CrB (Cmcm) with dissolving Cr and 
Fe were evaluated using first-principles calculations. 
The phase equilibria of the Fe-Cr-B ternary system 
were elucidated across the entire composition range 
by determining the thermodynamic functions based 
on the theoretical values and on any available 
experimental information. 
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